columns that were dried had high subsequent infiltration rates with A water-repellent soil will be defined as one which water. Because the adsorption of surfactants greatly affects infiltradoes not wet spontaneously when a drop of water is tion, prescription of surfactant treatment on a theoretical basis is not placed upon the surface. A positive pressure (waterfeasible. Although some basic concepts can be established, the utility entry pressure head, h p ) must be applied to force water of surfactants in managing water repellent systems will depend on into the soil. The basic soil hydraulic properties of a empirical observations. water repellent soil differ significantly from wettable soils. For example, in a laboratory column, the hydraulic conductivity (K) of a wettable soil is independent of W ater-repellent soils occur throughout the world the depth of ponded water. However, Carrillo et al. and repellency affects infiltration, evaporation, (2000) and Feng et al. (2001) observed that the hydraulic erosion, and water transfer mechanisms. An Internaconductivity of a water-repellent material increased with increase in depth of ponded water. The increase (2000) and Kostka (2000) reported that surlaboratory column where only a fraction of the sand factants decreased the incidence of localized dry spots was wet was not conclusively determined.
and generally improved turf quality. Development of Infiltration rates in wettable soils decrease with intreatment protocol on turf areas has been mostly on an creasing time after water application. However, Feng empirical basis. In other words, applying a range of et al. (2001) observed that the temporal infiltration rates treatments and observing the effects has been the geninto a water repellent sand was greatly affected by the eral approach. In as much as there are theoretical relawater ponding depths. At the lower values of h o , the tionships between liquid surface tension and infiltration infiltration rate increased with time after water applicain water-repellent soils, a quantitative theoretical basis tion. As the value of h o was increased, there was a for prescribing surfactant treatment may be possible. transition from the temporal increase in infiltration rate
The objective of the research reported in this paper to a decrease in infiltration rate typical of a wettable was to investigate the feasibility of using theoretical material. The transition from increasing to decreasing relationships to develop guidelines in surfactant applicainfiltration rates with time occurred when h o /h p was aption on water repellent soils. proximately equal to 2.6.
Assuming soil pores can be characterized by capillary MATERIALS AND METHODS tubes, the capillary equation The surfactants were mixed with tap water to create concenwas 1.53 g cm
Ϫ3
. A strip of ruler was attached along the sand column tube to measure the wetting front depth. trations of active ingredients between 1 ϫ 10 Ϫ4 and 5000 mg Infiltration measurements were made with surfactant con-L Ϫ1 . The surface tension of these solutions was measured using centrations of 1000, 3000, and 5000 mg L
Ϫ1
. The surface tension a surface tensiomat (Fisher Scientific, Pittsburg, PA) . Only of all these concentrations was about 0.035 N m Ϫ1 (Fig. 1) . surfactant concentrations of 500, 1000, 3000, and 5000 mg L Ϫ1
For comparison, infiltration measurements were done with were used in the infiltration experiments. The DPTs for these 42% (v/v) ethanol solution that had an identical surface tenfour surfactant concentrations were measured by recording sion. Sand columns of 20 and 40 cm were used in the experithe time required for drops placed on the treated sand surface ment and the ponding depth (h o ) was 20 cm in all cases. A to completely infiltrate.
surfactant concentration of 500 mg L Ϫ1 was also tested in the Polypropylene tube with 5-cm i.d. and a wall thickness of 20-cm columns. Effluent was collected for 15-min increments 0.4 cm was used to measure infiltration rate (i ). The length for the first hour and 30-min increments thereafter from the of the tube for sand sample was 20 or 40 cm. A fine wire 40-cm columns, and the surface tension of these effluent samscreen cap at the bottom of the tube retained the sand and ples was measured. allowed air to escape. The same-size tube to hold liquids at After measuring infiltration rates with various surfactant the surface was 60 cm long. A polypropylene tube (6-cm i.d.
concentrations, the 20-cm long sand columns were dried at and 2.5 cm long) was used to connect the sand column to the 50ЊC until their weight was constant. Infiltration rates into liquid column. This connector tube was glued to the bottom these pretreated 20-cm columns were again measured using of the liquid tube. A 0.3-cm deep groove was cut in the middle untreated water at a ponding depth of 20 cm. of connector, and a rubber O-ring in the groove provided a seal when the upper and lower columns were forced together. A port located 2 cm above the sand surface was used for
RESULTS AND DISCUSSION
solution application. Surfactant or ethanol solutions were rapidly applied through a plastic tube from a Marriott bottle. The
The characteristics of the water-repellent sand are as Surfactant B having a lower surface tension than Surfactheoretically should have penetrated the soil spontanetant A at low surfactant concentrations (Fig. 1) . ously. However, drops of surfactant solution remained
The infiltration rate for the various surfactant soluon the surface for several minutes before completely tions are presented as a function of time in Fig. 2 for penetrating the sand ( Table 1 ). Note that the penetrathe 40-cm sand column at a ponding depth of 20 cm. In tion time decreased with increasing surfactant concencontrast to typical infiltration curves where the infiltration rate decreases with time, the infiltration rate increased with time in each case. Feng et al. (2001) reported that the infiltration rate of water into a water repellent soil increased with time unless the ratio h o /h p was greater than ෂ2.6. In the present experiment, h o /h p was 2.0 and the surfactant solution behaved qualitatively as untreated water.
After a period of ponding, the solution reached the bottom of the column and seeped out. Typically the solution flow becomes constant after seepage from the bottom because the hydraulic head gradient becomes stabilized. Note that the flow rate continued to increase even after seepage of solution from the column. The flow rate did ultimately stabilize for the two highest surfactant concentrations at about 5 mm min Ϫ1 . The 5000 mg L Ϫ1 solution reached a steady state quicker than the 3000 mg L Ϫ1 treatment. The 1000 mg L Ϫ1 treatment continued to increase and at the end of the experiment had reached a flow rate only equal to one-half of the higher concentrations.
The hydraulic head gradient remained constant throughout the experiment. Therefore the increase in flow rate with time must be related to an increase in hydraulic conductivity with time. Hydraulic conductivity is a function of sand-water content, therefore the sandwater content must have increased with time. Carillo et al. (2000) found that the average water content in the sand increased as the value of h o increased. The main point is that water-repellent sands do not wet up to saturation even though water is ponded on the surface and water is flowing through the column unless the depth of ponding is relatively high.
The results depicted in Fig. 2 differ from those presented by Feng et al. (2001) for water. The seepage rate of water as reported by Feng et al. (2001) was constant with time as expected for a system with a constant hydraulic head gradient. Therefore the surfactant added to the water altered the temporal flow dynamics which is probably associated with surfactant adsorption and liquid surface tension changes.
The surface tension of the effluent solutions are reported in Table 2 . Note that for the 1000 mg L Ϫ1 treat- surface tension of the effluent during the period of ex- periment was not as low as the 90Њ surface tension. infiltration data in which the infiltration and seepage rates increased more rapidly for the higher of the two Therefore it would not be expected that the sand column would have been completely wet by the surfactant soluconcentrations. The infiltration rate of the aqueous ethanol solution tion which is consistent with the relatively low infiltration rate throughout the run.
is presented as a function of time in Fig. 3 . The surface tension of the ethanol solution was the same as the In contrast to the lowest treatment, the surface tension of the two highest treatments eventually approached surface tension of the surfactants which were applied. In contrast to the surfactant solution, the ethanol solution the surface tension of the applied solution. Note that there was a progressive decrease in surface tension with infiltration rate decreased with time and reached a steady-state value shortly after seepage at the bottom increased effluent volume in both cases. The decrease in surface tension was more rapid for the 5000 than of the column. Furthermore, the surface tension of the effluent ethanol solution was identical to the applied the 3000 mg L Ϫ1 treatment. This is consistent with the . Multiplying this value by the viscosity and dividing by the density results in a number equal to 5.2. This number is equal to the steady-state flow rate of Surfactant B at 3000 and 5000 mg L Ϫ1 . This result is evidence that the surfactant solution at the highest concentrations eventually wet the sand material to the same extent as the aqueous ethanol solution. Assumedly, the sample was wet to near saturation in each case.
The general behavior of the surfactant solutions in the 20-cm columns was the same as in the 40-cm columns. Therefore detailed data on the 20-cm columns will not be presented. The 40-cm columns were selected for illustration because they allowed a longer time of infiltration before seepage at the bottom of the column. However, the 20-cm columns were much easier to dry and the infiltration rerun using tap water was done on these columns.
The infiltration rate of untreated water as a function of time for the various pretreated 20-cm columns are depicted in Fig. 4 . The infiltration rate decreased with time and approached a steady state after seepage occurred at the bottom of the column. These results illustrate the rewet properties of the surfactant treated material. The infiltration rate patterns are typical of a wettable soil. Apparently Surfactant B had better rewet properties than Surfactant A, particularly at the lower concentrations. The steady-state flow rate as related to treatment was in the order of 500 Ͻ 1000 Ͻ 3000 ϭ 5000 mg L Ϫ1 . Although the lower concentrations provided positive rewet properties, they were not sufficient to allow the column to be completely wet. Because of the shorter columns the hydraulic head gradient at steady state for the water was 2.0 as compared with 1.5 for the infiltration experiment data presented in Fig. 2 . In comparing the steady state flow rate under equal hydraulic head gradients, the rewet flow rate was ෂ10% higher than for the surfactant solution.
SUMMARY
This research was not a product testing experiment. The goal was simply to have commercially available surfactants for use in research. The results suggest that Surfactant B is slightly superior to Surfactant A particularly at the lower concentrations. This may be related to the fact that at extremely low surfactant concentrations Product B is more effective in reducing the surface ten- 
adsorption.
The results of this research indicate that the quantitasolution (Table 2) . These results provide further evidence that the flow of surfactant solution was dictated tive effects of surfactants in changing the surface tension of applied water has relatively little value in predicting by surfactant adsorption and subsequent liquid surface tension.
the infiltration rate of the surfactant solution. All of the surfactant concentrations used in the experiment had The steady-state flow rate at a given degree of soil saturation and hydraulic head gradient should be prothe identical liquid surface tension. Nevertheless, different infiltration rates were observed for the different portional to the liquid density and inversely proportional to the liquid viscosity. The density of the aqueous surfactant concentrations. None of the surfactant solution concentrations had infiltration rates comparable ethanol solution was 0.94 g cm Ϫ3 and the viscosity was 2.78 mPa s as compared with unity in each case for the with an aqueous ethanol solution with the same surface
